Understanding the propagation process of prolonged meteorological droughts (i.e., decade) helps 19 solve the problem of increasing water scarcity around the world. Historical literature studied the 20 propagation between different drought types (e.g., from meteorological to hydrological drought) 21 with mainly statistical approaches, however, little attention has been paid to the causality between 22 the change point); (2) to analyze which catchment properties and climate characteristics are more 129 promising to be related to the shift in CWSC; and (3) to explore the possible association between 130 catchment properties and climate characteristics with the time-lag between the onset of the 131 meteorological drought and the change point. 132
the meteorological drought with potential changes in the Catchment Water Storage Capacity 23 (CWSC) where the latter plays a critical role in catchment response behavior to former. This study 24 used the temporal variation in the estimated value of a model parameter that denotes the CWSC 25 in its model structure to reflect the potential changes in real CWSC. The most likely change points 26 of the CWSC were determined based on the Bayesian change point analysis. Also, the possible 27 association and linkage between the shift in the CWSC and the time-lag of the catchment (i.e., 28 time-lag between the onset of the drought and the change point) with multiple catchment 29
properties and climate characteristics have been studied. Catchments from southeastern Australia 30 were used as a study area to verify the effectiveness of the proposed approach. Results indicated 31 that (1) in 62.7% of the catchments, the sustained drought causes significant shifts in the CWSC. 32
The shift led to the opposite response in two subsets of catchments, i.e., 48.2% of catchments had 33 lower runoff generation rates for a given rainfall while 14.5% of catchments had higher runoff 34 generation rate. (2) Catchments with larger elevation and slope, lower forest coverage of Evergreen 35
Broadleaf Forest are more likely to have an increase in the CWSC during a chronic drought while 36 smaller catchments with lower elevation, lower coverage of the Evergreen Broadleaf Forest are 37 more likely to have a decrease in the CWSC. (3) The changed catchments were not equally 38 susceptible to the pressure due to persistent meteorological drought. Catchments with a lower 39 proportion of Evergreen Broadleaf Forest usually have longer time-lag and are more resilient. This 40 study improves our understanding of possible changes in CWSC induced by a prolonged 41 meteorological drought, which will help improve our ability to simulate the hydrological system. Drought is one of the most damaging environmental disasters and has significant environmental, 56 economic, and social impacts around the world (Zhao and Running, 2010) . It not only affects the 57 balance of aquatic and terrestrial ecosystems, but also many economic and social sectors including 58 agriculture yield, industrial production and urban water supply (Mishra and Singh, 2010) . 59
Furthermore, recent literature indicates that the improved probabilities of the extreme events 60 have been projected in many parts around the world because of the increasing anthropogenic 61 interference and global climate change, which implies the more severe droughts in the future (Dai, 62 2012; Dai, 2011; Pan et al., 2019b) . Unlike other natural hazards, e.g., flood, cyclonic storms and 63 earthquakes, the drought may have a much longer duration. 64
The droughts are generally classified into four categories (Mishra and Singh, 2010) : meteorological, 65 agricultural, hydrological, and socio-economic droughts. All droughts start as meteorological 66 droughts caused by precipitation shortage. Then a prolonged meteorological drought might result 67 in a hydrological drought that is represented by the deficits in the surface or subsurface water 68 supply (e.g., streamflow, groundwater, reservoir, and lake storage). An agricultural drought, a 69 period with declining soil moisture and consequent crop failure without any reference to surface 70 water resources, is usually the combined effects of meteorological and hydrological droughts. A 71 socio-economic drought is associated with the failure of water resources systems to meet water 72 demands as a result of a weather-related shortfall in the water supply. Recently, many studies have 73 been carried out on the links between different drought types, e.g., the link between the 74 meteorological and hydrological droughts (Haslinger et meteorological and agricultural droughts (Huang et al., 2015; Wu et al., 2016) , and the link between 77 meteorological and socio-economic droughts (Zhao et al., 2019) . However, little attention has been 78 paid to the causality between the meteorological drought with changes in catchment properties 79
where the latter plays a critical role in the transference of different drought types. 80
Whether a sustained shift in precipitation (e.g., a prolonged meteorological drought) can trigger a 81 change in catchment properties is important for understanding the mechanism of catchment 82 response and hydrological projections under change (Schindler and Hilborn, 2015) . For example, 83 because of the significant decline in annual rainfall in the late 1960s, a shift from perennial to 84 ephemeral streams and a decline in the runoff coefficient (runoff/rainfall) since the 1970s have 85 been observed in Western Australia (Petrone et al., 2010) . Furthermore, Saft et al. (2015) indicated 86 the shift in annual rainfall-runoff relationship in southeastern Australia during the Millennium 87 drought (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ). The possible mechanisms may be that the drought-induced persistent 88 change in groundwater level (Van Lanen et al., 2013) , catchment soil condition (Descroix et al., 89 2009), vegetation (Adams et al., 2012) and soil moisture (Grayson et al., 1997) . Furthermore, a new 90 hydrologic regime has developed in the study area with important implications for future surface 91 water supply. 92
One of the most important attributes of a catchment is the ability to store water and to release it 93 later, which is known as the catchment water storage capacity (CWSC). The storage serves as a 94 buffer for climate variability, meteorological extremes, and sustain vegetation during the drought 95 https://doi.org/10.5194/hess-2019-692 Preprint. Discussion started: 18 February 2020 c Author(s) 2020. CC BY 4.0 License. period, while the value of CWSC is a vital index to quantify and compare the maximum water 96 volume of different catchments. The detailed definition (McNamara et al., 2011) of CWSC is in an 97 unregulated and unimpaired catchment, the water storage capacity is defined as the maximum 98 water volume that a catchment can hold after rainfall events. It refers to the part of effective rainfall 99 that does not develop into the surface flow, and it is the sum of soil water storage capacity, 100 vegetation intercept, and snowpack. Recently, there are two main methods to derive the CWSC 101 value, i.e., water balanced method and hydrological modeling method. For the former method, 102
, where V( ) is the storage at time step = , ∆t is the 103 interval between two contiguous time steps, V 0 is the storage at time = 0 , , and 104 refer to the precipitation (mm), streamflow (mm) and evapotranspiration (mm) at time step t, 105
respectively. Thus, the CWSC is denoted as the difference between minimum and maximum of the 106 computed annual storage volumes over the observation period. For the latter method, the CWSC 107 is estimated through the calibration of hydrological model parameters (that denote the catchment 108 water storage capacity within the model structure) with the time series of precipitation, 109 evapotranspiration and streamflow as well as certain objective functions (e.g., minimize the errors 110 between the streamflow observations and the simulated results based on the estimated 111 parameters) and the inference methods (e.g., SCEM-UA algorithm by Vrugt et al. (2003) ). Generally, 112 the latter has the advantage of quantifying the contribution of snow, soil and groundwater storage 113 Australia, and found that the spatial coherence of adjacent catchments helps to reduce the 119 estimation uncertainty of CWSC and improve the model prediction performance. In addition, 120 because of the resilience of catchment, the shift in CWSC might occur as a delayed step-change. 121
However, no study has been made on the application of hydrological modeling methods to explore 122 the impacts of sustained meteorological drought on the catchment water storage capacity. 123
The objectives of this study, therefore, are: (1) to verify whether a sustained meteorological 124 drought would result in a significant change in CWSC; if so, to explore the possible change points 125 (the time points that the value of the CWSC experienced an abrupt variation), change direction 126 (whether the value of the CWSC has an upward or downward change after the change point) and 127 change magnitude (the difference between the values of CWSC during the periods before and after 128
The conclusions have been made in section 6. 139 2. Study area and data 140 2.1. Study area 141 Analyses of this paper are based on daily rainfall, potential evapotranspiration, runoff time series, 142 and catchment attributes from southeastern Australia. The catchments were checked to be free 143 from major anthropogenic disturbances during the measurement history (Zhang et al., 2013) . 144
Southeastern Australia has gone through nearly a decade of meteorological drought that was 145 approximately from 1996 to 2009. This drought has resulted in large impacts on the economy, 146 culture, political and ecosystem development of southeastern Australia, the most densely 147 populated part of Australia. The study catchments are situated in this region, extending from 148 southern Queensland, southern New South Wales, and whole Victoria. A map of the study area 149 with geolocation of the study catchments in southeastern Australia is demonstrated in Figure 1 . 150
The study catchments exhibit a broad variety of climatic conditions, soils, land use, vegetation, and 151 hydrological regimes. Generally, the study catchments have much more rainfall during the spring 152 and winter seasons than the summer and autumn seasons. In most of the study catchments, there 153 is no snowmelt; even if the snowmelt appears in an individual catchment, it does not have much 154 effect on the local hydrological system because the mean elevation of these catchments is around 155 584 m. It should be mentioned that the mean elevation of these catchments is much lower than 156 the seasonal snow line (1500 m) in this area (Saft et al., 2015) . 157
Research data 158
The following data have been used in this study: (1) climate inputs, include daily rainfall and daily 159 potential evapotranspiration; (2) daily runoff at catchment outlet; and (4) catchment attributes, 160 include catchment area, mean elevation and so on. The data were obtained from the Australian 161
Water Resources Assessment (AWRA) system, which has been served as a standard publicly 162 because the completeness of daily streamflow data in these catchments is less than 80 percent. 172
The remaining 273 catchments are used for identification of meteorological droughts. Finally, 145 173 catchments within the subset were identified with a long-term meteorological drought (see 174 sections 3.1 and 4.1) and analyzed further. The attributes of the 145 catchments are summarized 175 in 
Methodology

177
This section presents the methodology of this study, including (i) identification of catchments with 178 a long-term meteorological drought (section 3.1); (ii) derivation of change in CWSC on account of 179 drought based on hydrological modeling method (section 3.2), includes an introduction of the 180 hydrological model adopted, the likelihood function, model parameter estimation method, and the 181 identification method for the change points of CWSC; (iii) potential variables that might be 182 associated with the potential changes in CWSC (section 3.3). 183 Firstly, the anomaly was calculated as the percentage variation between the annual rainfall data 194 and the annual mean value, and the anomaly was smoothed with a 3-year moving window. It 195 should be mentioned that smoothing was applied to avoid single wetter years that interrupts a 196 long dry period and identify all period of consecutive smoothed negative anomalies. Secondly, the 197 start year of the dry period was defined as the start of the first 3 continuous years of the negative 198 anomaly period based on the unsmoothed anomaly data. Similarly, the end year of the dry period 199 was determined from the last negative 3-year anomaly series based on the unsmoothed anomaly 200 data. The end year was defined as the last year of this 3 year series unless (i) there was a year with 201 a positive anomaly that was larger than 15% of the mean, in which case the end of dry period was 202 determined as the year prior to that year, (ii) the last 2 years had a bit positive anomalies (but each 203 was smaller than 15% of the mean), in which case the end year was determined as the first year of 204 positive anomaly. Two additional rules were set to ensure a sufficiently long and severe dry period: 205 the length of dry period should longer than 6 years and the mean dry years anomaly should be 206 smaller than 5%. In addition, the remaining part in the observation history (except the dry period) 207 was determined as the non-dry period. 208
Identification of meteorological drought
The selected algorithm has been verified as a rigorous method for processing the autocorrelation 209 in regression residuals and testing the global significance. Furthermore, we have the same study 210 region, i.e., catchments in southeastern Australia (but our data sources are different). Thus, the 211 method proposed by Saft et al. (2015) was introduced in this study to define the meteorological 212 drought period. A more detailed process of the identification method of dry period can be obtained 213 in research by Saft et al. (2015) and our previous study (Pan et al., 2019b) . water storage capacity, is the most sensitive parameter in the structure of the GR4J model. 226
In the GR4J model structure, the first operation is to subtract evapotranspiration from the original 227 rainfall to determine the net rainfall or net evapotranspiration. The net rainfall is then divided into 228 a surface flow and a water production storage of catchment, where 1 is the maximum capacity 229 of the production store of the catchment. The total runoff includes two flow components 230 (underground flow and the surface runoff) is then divided into fast and slow routing processes that 231 are defined by two unit hydrographs. 90% of the total runoff is routed by the slow unit hydrograph 232 and then a non-linear routing store, while the remaining 10% of the runoff is propagated through 233 the fast routing processes. Both unit hydrographs depend on the same parameter 4 expressed 234 in days. In addition, a groundwater exchange term that acts on both flow components is calculated 235 based on parameter 2 and 3 . More details about the Gr4J model can be found in Perrin et al. 236 (2003) . 237
The real CWSC values are hard to derive out based on available data and attributes of catchments. 238
However, the hydrological model provides a new perspective for reflecting the potential variations 239 of the CWSC, that is, the utilization of specific model parameter(s) that represent(s) CWSC, such as 240 parameter 1 in the GR4J model. Figure 2 presents an example to illustrate the impacts of the 241 shift in the value of 1 on the model simulation results. 242
Thus, in this study, we use the magnitude of the shift in estimated 1 between periods before and 243 after the change point to represent the change in CWSC. In addition, we assume that the other 244 model parameters 2 , 3 , and 4 are kept constant during the periods before and after the 245 
where refers to the likelihood probability. with its value should be smaller than the threshold 1.2. The prior ranges of all model parameters 270 have been given in Table 1 . 
Therefore, for all possible k, corresponding values of calibrating parameters ⃗ ( ) can be obtained 285
through the derivation of the likelihood function with the SCEM-UA algorithm. Obviously, there 286 were four unknown quantities (i.e., four model parameters) that need to solve during this process. 287
Similarly, the rainfall-runoff relationship after the change point k is assumed as 288
Parameters 2 , 3 and 4 are predefined and taken from the 290 calibrating results of the previous process. Thus, only ′ 1 would be calibrated in this process. The 291 association between p and p ′ is that the posterior distributions of 2 , 3 , 4 are the same. 292
Therefore, for every k, the likelihood function L( ; ) becomes 293
The Bayesian perspective is added by placing a prior density ς(k) on Θ whence the posterior 295
Therefore, the final Change pint is recognized as the point that has the largest p( | ). It should 298 be noted that every catchment would get a "potential change point" during the calculation process. 299
However, these "potential change points" would be evaluated to judge whether there is a 300 significant shift in the estimated 1 ( 1 ′ ) between these two periods, i.e., before k and after k. In 301 order to speed up the calculation process, the time interval between two adjacent change point is 302 set as 30 days. 303
Criteria in identifying catchments with a significant change in 1 304
In order to derive the catchments with significant changes in CWSC. Four evaluation criteria have 305 been used in this study. 306
(1) The minimum NSE requirement: The Nash-Sutcliffe efficiency coefficient (NSE) values in 307 two periods should be larger than 0.6. The reason for setting this requirement was to ensure the 308 simulation results by the adopted model (the GR4J model) was reasonable for the simulation of 309 the hydrological cycle in a catchment, thus, the estimated model parameter can truly reflect the 310 CWSC of this catchment. 311
(2) The minimum requirement of significant change: The simulated values of the parameter 312 1 between the two periods should be more than ±20%. In other words, only the catchments with 313 more than ±20% changes in 1 would be recognized as significantly changed. It should be noted 314 that the value of ±20% was an experienced value, actually, we have tried several other significant 315 https://doi.org/10.5194/hess-2019-692 Preprint. Discussion started: 18 February 2020 c Author(s) 2020. CC BY 4.0 License. levels (such as ±5% and ±10%), and found that the value of ±20% can maximally exclude the 316 negative impacts by the heterogeneity of the available parameter sets. 317
(3) The requirement for maximum performance degradation: NSE performance degradation 318 between the two periods should be no more than 20%. 319 The Bayesian change point test was applied to the 145 catchments that have been identified with 368 a long-term meteorological drought (Table S1 ). Based on the evaluation criteria mentioned in 369 section 3.2.5, it was found that 83 of the 145 catchments satisfied the requirements for minimum 370 NSE performance and maximum performance degradation. The following analysis was based on 371 these 83 catchments. 372
Results
In 52 out of 83 (62.7%) catchments, the estimated value of the model parameter 1 was detected 373
to have a significant change after the onset of the meteorological drought, indicating the potential 374 changes of CWSC in these catchments. These catchments satisfied all criteria mentioned in section 375 3.2.5. More clearly, the median estimated value of parameter 1 during the period after the 376 change point was significantly different with that value during the period before the change point; 377 the median NSE performances of both parameter sets in two periods were larger than 0.6; 378 furthermore, the performance degradation between simulated results before and after the change 379 point was no more than 20 percent. Meanwhile, the remaining 31 (37.3%) catchments had no 380 significant changes after the onset of the drought. 381 
Direction and magnitude of the shift in CWSC 400
In the case of the direction of shift in CWSC, a significant increase in the estimated 1 has been 401 found in 40 out of 83 catchments. Since the significant decrease in rainfall has been found during 402 the prolonged drought, these catchments were expected to experience a downward trend with a 403 similar magnitude of reduction in the runoff generation. However, the increase of CWSC means 404 that the drought might result in lower runoff generation rates for similar amounts of rainfall during 405 the drought period. Thus, in the following years with reduced rainfall, lower runoff due to the 406 reduced rainfall could be expected, furthermore, the even less runoff than historical records may 407 occur because of the significant increase in CWSC. Another 12 catchments had a significant 408 downward shift in the CWSC. The decrease of CWSC indicates that the meteorological drought 409 might result in higher runoff generation rates for a similar amount of rainfall than previous records. 410
These catchments had the lower capacity to hold available water and their ecosystems might suffer 411 more frequent and more severe extreme events, e.g., droughts and floods. In addition, the 412 remaining 31 catchments were divided into two parts further, i.e., 18 catchments with a slight (non-413 significant) increase in the CWSC and 13 catchments with a slight (non-significant) decrease in the 414 CWSC. As for the geographical distribution of the catchments with significant and non-significant 415 changes in the CWSC, Figure 4 illustrates that there is some tendency for clustering, e.g., (1) for 416 majority, adjacent catchments tend to have same change directions; (2) catchments in 417 southwestern and southern Victoria experienced different levels of increase in the CWSC, while (3) 418 in northeastern Victoria, the majority of catchments had a decrease in the CWSC. However, the 419 geographical distribution of catchments with significant and non-significant changes in 1 420 showed no obvious geolocation clustering phenomenon. The magnitude of change in the CWSC 421 was analyzed based on the shift in the estimated value of 1 of two periods. Figure 5 presents the 422 statistical histograms of catchments with different degrees of the shift in 1 . It should be noted 423 that both catchments with significant changes and non-significant changes have been plotted 424 together. The fitted curves in Figure 5 
Factors for shifts in the CWSC
430
In this part, we investigate whether changes in the CWSC are associated with particular catchment 431 properties or climate characteristics. In other words, are catchments with certain catchment 432 properties or climate characteristics easier to trigger the potential shift in its CWSC? 433
Factors for the magnitude of shifts in the CWSC 434
Two groups of catchments were established according to the significance level of the shift in 1 435 after the onset of the long-term drought. Specifically, one group is composed of catchments with 436 a significant change in the estimation of parameter 1 between two periods. The other group is 437 composed of catchments that only had a non-significant change in parameter 1 between two 438 periods. As shown in Figure 6 (left two columns), the catchment properties of two groups of 439 catchments have been presented. Significant changes in the CSWC were likely to occur in 440 catchments with smaller catchment areas, lower elevation and its difference, less slope, lower 441
Available soil Water Holding Capacity (AWHC) in sub soil, smaller saturated hydraulic conductivity 442 (Ks) in top soil. The forest coverage percentage and the AWHC in top soil are not significantly 443 different between the two groups of catchments. It should be noted that some of those catchment 444
properties might be somewhat related. Thus, the Pearson Correlation Coefficient (PCC) has been 445 used to explore the potential relationship between the change in parameter 1 with the 446 catchment properties as well as the connection between different catchment properties. Figure 7  447 illustrates a low degree (PCC ∈ [±0.3, ±0.5]) of association between the (%) shift in parameter 448 1 and these catchment properties for two groups of catchments. 449
Factors for the direction of shifts in the CWSC 450
Two subsets of catchments were established according to the change direction of the estimated 451 1 . Specifically, one subset is composed of catchments with a significant upward change in the 452 estimated 1 while another subset is composed of catchments that experienced a significant 453 downward shift in the estimated 1 . As shown in Figure 6 (right two columns), catchments with a 454 significant upward change in estimate 1 had a smaller catchment area, lower elevation, and its 455 difference, less slope, lower AWHC in sub soil, smaller saturated hydraulic conductivity (Ks) in top 456 soil. The forest coverage percentage, the AWHC in top soil and the length of the time-lag are not 457 significantly different between two subsets of catchments. 458
Furthermore, twenty-four climate variables in Table 2 have been used to explore the difference 459 between two subsets of catchments and the possible associations between the magnitude of the 460 shift in CWSC with the values of climate variables. As illustrated in section 3.4, one climate variable 461 consists of four values, i.e., the climate values during the periods before and after the change point, 462 the absolute difference and % variation between the climate variables between two periods. Thus, 463 there were 96 climate values considered in this part. As shown in Figure 8 , significant differences 464 (i.e., % variation is larger than ±10 percentage) have been found in the majority of the climate 465 variables between two subsets of catchments for both four categories of climate values, except for 466 the % difference in the daily maximum temperature, which was not significant for both four values 467 between two periods. In addition, the % difference of the drought length (≥7 years) between the 468 two subsets of catchments was 14.3%, and on average, the subset of catchments with significantly 469 https://doi.org/10.5194/hess-2019-692 Preprint. Discussion started: 18 February 2020 c Author(s) 2020. CC BY 4.0 License. increased shift had longer drought length than the other subset. 470
The potential associations between the change in the CWSC and both climate values have been 471 presented in Figure 9 . A medium degree of correlation (PCC>0.4) has been found between the % 472 shift in CWSC with the CV of annual rainfall (PCC=0.422), the CV of annual runoff (PCC=0.419) 473 during the period before the change point. No more than a medium degree correlation has been 474 found between the shift in CWSC with the climate values after the change point. As for the variation 475 of climate value between two periods, a larger association has been found in the shift in CSWC 476 with the variation in daily rainfall (PCC=-0.425), variation in annual rainfall (PCC=-0.518), and 477 change in annual runoff ratio (PCC=0.479) rather than others. In addition, it seems that the shift in 478 parameter 1 was not related to drought length (≥7 years) because its PCC value was only 0.148. should be noted that the catchments with a non-significant change in the CWSC were not included 485 in this part, because these catchments did not experience a significant change in its estimation 486 value of 1 thus did not have a statistically significant change point. 487
On average, the time-lag in the subset of catchments with the significant upward change in 488 estimated 1 was 9.4% larger than the subset with a significant downward shift. As shown in 489 The maximum PCC value between the time-lag with the catchment properties was just 0.159, 491 which was achieved by the correlation between the time-lag and the AWHC in top soil. In addition, 492 the potential association between the time-lag with the climate variables also have been presented 493 in Figure 11 . Similarly, low correlation (|PCC < 0.3|) has been found between the time-lag and 494 both four categories of climate values. 495
Discussions
496
The results indicate that, under certain circumstances, a long-term meteorological drought would 497 result in a significant change in the CWSC. In this study, 52 in 83 catchments (62.7%) have been 498 found to have a significant shift in its CWSC. Furthermore, a subset of 40 catchments had a 499 significant upward change in CWSC while another subset of 12 catchments had a significant 500 downward change. 501
Possible reasons for different changes in the CWSC
502
Our results indicate that the geographical distribution of two groups of catchments with significant 503 and non-significant changes in 1 showed a little wide clustering phenomenon while the 504 geographical distribution of two subsets of catchments with significant upward and downward 505 changes showed some tendency for clustering. The adjacent catchments tend to have similar 506 change directions, such as the catchments in southwestern and southern Victoria that both 507 experienced an upward change in the CWSC while the majority of catchments in northeastern 508
Victoria experienced a downward change in the CWSC. However, the magnitude of the shift varies 509 with the individuals. Furthermore, significant differences have been found between two groups of 510 catchments (catchments with significant and non-significant changes) and two subsets of 511 catchments (catchments with significant upward and downward changes) in terms of the majority 512 of catchment properties and climate characteristics. However, no strong association has been 513 found between the magnitude of the change in the CWSC with these single variables. In addition, 514 the length of the dry period was not connected to the shift in the CWSC. Thus, it seems that it is 515 the combination of local catchment properties and climate characteristics rather than a single 516 factor, controls the catchment response behavior to long-term meteorological drought. 517
Potential mechanisms for the impacts of catchments properties on the CWSC 518
The CWSC of a catchment is the comprehensive presentation of catchment properties in the field 519 of water storage. The interrelated impacts by the changes in catchment properties, such as 520 groundwater decline, may result in the potential shift in CWSC. However, it should be mentioned 521 that even similar changes take part in catchments with different backgrounds of properties, may 522 have opposite impacts on its change directions of CWSC. 523
In the study area, the groundwater decline combined with different background of soil types in the 524 catchments may be one of the possible reasons for different change directions in the CWSC. The 525 groundwater decline would lead to the loss of the hydraulic connection between groundwater and 526 surface water. The space that once was occupied by soil water become void. However, catchments 527 with different soils would have different change directions. In sand and other soil types with lower 528 adhesive property, these soil pores would be compacted due to the reduction of buoyancy of soil 529 water, thus the compacted soil may result in a decrease in CWSC. Conversely, these soil pores may 530 be retained in those soils with strong adhesive property, the decline of groundwater may lead to 531 an increase in CWSC. A significant decline in groundwater level has been observed in southeastern 532
Australia during the drought periods (Leblanc et al., 2009) . Figure 12 presents the soil types of 83 533 catchments in southeastern Australia, and illustrates that the silt loam and loam are the main soil 534 types in the study area, the sum of which occupies more than 80 percent of the region. Moreover, 535 southwestern Victoria and southern New South Wales (i.e., catchments with an increase in the 536 CWSC), were mainly occupied by the loam while eastern Victoria (i.e., catchments with an increase 537 in the CWSC) was mainly occupied by the silt loam. By contrast, the silt loam had a stronger 538 adhesive property and larger field capacity than the loam. Thus, the distribution of these two soil 539 types may explain a proportion of variance in the change direction of CWSC. However, in southern 540
Victoria, the results disagree with this finding, the possible reasons might be that there were other 541 more influential factors that control the catchment behaviors in this region. 542
In addition, another possible reason is the variance in land use. The primary land-use types in the 543 study region are Evergreen Broadleaf Forest (49.8%), Wooded Grassland (16.9%), Woodland 544 (14.1%) and cropland (13.2%). As shown in Figure 13 hypothesized that the Evergreen Broadleaf Forest has less resilience in response to the drought 550 and may be much easier to experience significant changes in the CWSC than other types since that 551 the growth of the Evergreen Broadleaf Forest needs much more water than other types. In 552 catchments with high coverage of the Evergreen Broadleaf Forest, the canopy interception and 553 absorption of the forest usually consist of the vital proportions for the catchments to storage water, 554 thus the tree die-off in these catchments might result in a decrease in the CWSC. On the contrary, 555 in the catchment with other land use types, the water storage by its vegetation may only play a 556 non-primary role and its vegetation has stronger resilience in response to the drought because of 557 less water consumption. Thus, the persistent drought in these catchments did not result in massive 558 tree morality but merely led to the increased water stress and the augment of the CWSC. 559
Potential mechanisms for the impacts of climate characteristics on the CWSC 560
The effect mechanism of climate characteristics on the CWSC is through their remodeling on the 561 catchment properties. A medium degree of correlation has been found between the % shift in the 562 CWSC with the coefficients of annual rainfall and runoff before the change point, and the variation 563 in annual or daily rainfall and annual runoff ratio. Furthermore, the shift in the CWSC was not 564 associated with all climate variables after the change point. It also has been found that the annual 565 distribution of baseflow, the interannual, seasonal and monthly distribution of rainfall and runoff, 566
are not correlated to the shift in CWSC. Previous studies (Chiew et al., 2011; Saft et al., 2015) 567 illustrated that during the meteorological drought large reduction in autumn rainfall and an even 568 larger decrease in winter runoff and annual runoff of many catchments in southeastern Australia 569 have been observed. However, in our study, significant declines in rainfall and runoff of both four 570 seasons have been observed throughout the study area, not merely the autumn rainfall and winter 571 runoff. Furthermore, significant differences have been found in the most climate variables between 572 catchments with significant upward and downward changes, including the autumn rainfall, and 573 winter and annual runoff and other climate variables. Thus, it is really hard to judge the influence 574 of each factor on the CWSC. According to our study, it seems that the final changes in the CWSC 575 are the combined effects of multiple climate variables and catchment properties. 576
Catchments with quick or slow response 577
The length of time-lag represents the resilience of a catchment in response to a prolonged drought. 578
Our results indicated a negative association between the length of time-lag with the forest 579 coverage percentage in both catchments with significant upward and downward changes. It means 580 that catchments with larger forest coverage percentage are more susceptible to the stress from a 581 chronic meteorological drought than other catchments. This phenomenon is possibly related to 582 the primary land use types in the study area, i.e., the Evergreen Broadleaf Forest (49.8%), which 583 has a high demand for water consumption. Thus, a catchment that experienced a prolonged 584 meteorological drought, combined with the characteristic of high coverage of the Evergreen 585
Broadleaf Forest, would be quite sensitive to have changes in its CWSC. In addition, opposite 586 directions of PCC association between the time-lag with several catchment properties (i.e., mean 587 elevation and elevation difference, mean slope and slope range, AWHC in sub soil, Ks in top soil) 588 have been found in two subsets of catchments. For example, in the subset of catchments with a 589 https://doi.org/10.5194/hess-2019-692 Preprint. Discussion started: 18 February 2020 c Author(s) 2020. CC BY 4.0 License. significant decrease in the CWSC, the length of time-lag is positively associated with the elevation 590 level and slope, while in the subset of catchments with a significant increase in the CWSC, it is a 591 negative association. Similar findings also have been found in associations between the time-lag 592 and multiple climate variables (e.g., daily rainfall, baseflow and so on). However, since only a low 593 association level has been observed between the time-lag and these single climate variables, it is 594 still hard to judge whether there are certain physical mechanisms behind this phenomenon or it is 595 just a statistical artifact. 596 catchments with increased CWSC would result in lower runoff generation rates for similar amounts 608 of rainfall than before while those catchments with decreased CWSC would have an opposite 609 response (higher runoff generation rate). It seems that the final changes in the CWSC are the 610 combined effects of multiple climate variables and catchment properties. Generally, catchments 611 with larger elevation and slope, lower forest coverage (Evergreen Broadleaf Forest) are more likely 612
Conclusions
to have an upward change in the CWSC within a chronic drought while smaller catchments with 613 higher elevation, lower coverage of the Evergreen Broadleaf Forest are more likely to have a 614 downward change in the CWSC. Among all catchment properties and climate variables considered, 615 our results suggest that two climate variables (i.e., variation in annual rainfall and annual runoff 616 ratio) have the strongest associations with the shift in the CWSC. In addition, the changed 617 catchments were not equally susceptible to the pressure due to persistent meteorological drought. 618
Catchments with a lower proportion of Evergreen Broadleaf Forest usually have longer time-lag 619 and are more resilient. This study gives us a better understanding of possible changes in catchment 620 water storage capacity induced by a prolonged meteorological drought, which will help improve 621 our ability to simulate the hydrological system. However, several unsolved issues are stilled 622 remained that need to be addressed in future research. Above all, the changes in catchment water 623 storage capacity are the combined effects of multiple catchment properties and climate 624 characteristics, further studies are still required to confirm which factors played the most 625 important role in the catchment dynamic. Secondly, this study used one conceptual rainfall-runoff 626 model and its parameter to model and represent the catchment water storage capacity, our 627 findings should be verified with other methods. Third, this paper presents a method to simulate 628 the possible changes in catchment water storage capacity, further research is needed to explore 629 whether it is possible to predict the potential changes in catchment water storage capacity in the 630 future. Table 1 . Prior ranges for all unknown parameters in the GR4J hydrological model while X1-X9 denotes the catchment properties mentioned in Table 2 . with the variation and % variation of climate variables of two periods, respectively. Y1-
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Y24 denotes the climate variables in Table 2 . Lag  Y1  Y2  Y3  Y4  Y5  Y6  Y7  Y8  Y9  Y10  Y11  Y12  Y13  Y14  Y15  Y16  Y17  Y18  Y19  Y20  Y21  Y22  Y23  Y24   Y19  Y20  Y21  Y22  Y23  Y24   Y13  Y14  Y15  Y16 Lag  Y1  Y2  Y3  Y4  Y5  Y6  Y7  Y8  Y9  Y10  Y11  Y12  Y13  Y14  Y15  Y16  Y17  Y18  Y19  Y20  Y21  Y22  Y23 
